Abstract | In this Review, we describe the pathogenesis, diagnosis and management of primary hyperparathyroidism (PHPT), with a focus on recent advances in the field. PHPT is a common endocrine disorder that is characterized by hypercalcaemia and elevated or inappropriately normal serum levels of parathyroid hormone. Most often, the presentation of PHPT is asymptomatic in regions of the world where serum levels of calcium are routinely measured. In addition to mild hypercalcaemia, PHPT can manifest with osteoporosis and hypercalciuria as well as with vertebral fractures and nephrolithiasis, both of which can be asymptomatic. Other clinical forms of PHPT, such as classical disease and normocalcaemic PHPT, are less common. Parathyroidectomy, the only curative treatment for PHPT, is recommended in patients with symptoms and those with asymptomatic disease who are at risk of progression or have subclinical evidence of end-organ sequelae. Parathyroidectomy results in an increase in BMD and a reduction in nephrolithiasis. Various medical therapies can increase BMD or reduce serum levels of calcium, but no single drug can do both. More data are needed regarding the neuropsychological manifestations of PHPT and the pathogenetic mechanisms leading to sporadic PHPT, as well as on risk factors for complications of the disorder. Future work that advances our knowledge in these areas will improve the management of the disorder.
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. Since that time, the clinical presentation in the USA and Western Europe has evolved from a severe and symptomatic disease, characterized by 'stones, bones and groans' to one that is typically asymptomatic and incidentally discovered. Advances in diagnostics now enable us to accurately measure levels of parathyroid hormone (PTH) and image the parathyroid glands; surgical techniques have also improved. Despite these advances and the availability of medical therapies that address some of the complications of the disease, parathyroidectomy remains the only curative treatment, as was the case 90 years ago. This Review describes the pathogenesis, diagnosis and management of PHPT, with a focus on recent advances in the field.
Epidemiology and pathogenesis
PHPT is a common endocrine disorder that is characterized by hypercalcaemia and elevated or inappropriately normal levels of PTH. PHPT results from excessive secretion of PTH from one or more of the parathyroid glands. PHPT is caused by a solitary parathyroid adenoma in 80% of cases, whereas four-gland hyperplasia accounts for 10-15%, multiple adenomas for 5% and parathyroid cancer for <1% of cases. Incidence estimates for PHPT vary from ~0.4 to 82 cases per 100,000 (REFS 2-4).
Before the routine measurement of serum levels of calcium in the 1970s, PHPT was a rare and symptomatic disorder. When routine evaluation of serum levels of calcium became widespread, cases of unrecognized, asymptomatic PHPT were identified, leading to an initial fivefold increase in the incidence of the disorder 5 . Thereafter, the incidence of PHPT declined in the USA until 1998, at which time another sharp increase was noted 3, 6, 7 , which has been attributed to the introduction of osteoporosis screening guidelines and targeted testing in those with osteo porosis 7 . The incidence of PHPT increases with age and is higher in women and African Americans than in men and other racial groups, respectively 2 . Half of all patients with PHPT are postmenopausal women, although the disorder can occur at any age 8 . PHPT is often diagnosed in the first decade after menopause, consistent with the known skeletal actions of oestrogen that counter the hypercalcaemic effects of excess PTH in bone.
The underlying cause of sporadic PHPT is unknown in most cases. Ionizing radiation, especially in childhood, is a risk factor 9 . Chronic lithium use, which decreases the sensitivity of the parathyroid glands to calcium, is also associated with the development of PHPT 10 . The genetic pathogenesis of PHPT is unclear in most patients. Genes regulating the cell cycle are thought to be important given the clonal nature of sporadic para thyroid adenomas. Two such genes documented as contributing to the development of PHPT are CCND1 (which encodes cyclin D1) and MEN1 (which encodes menin). Somatic mutations in MEN1 occur in 12-35% of sporadic adenomas, whereas rearrangement or overexpression of CCND1 can occur in 20-40% 11, 12 . Recent studies have also implicated CDC73, CTNNB1, CDKN1B and AIP (which encodes the aryl hydrocarbon (AH) receptor-interacting protein) in a small percentage of adenomas 13, 14 .
In inherited or familial forms of PHPT, which represent about 5-10% of cases, germline mutations in several causal genes have been identified 15, 16 . The clinical features, gene products and inheritance of familial forms of PHPT are shown in TABLE 1. The following genes have been associated with familial PHPT: the tumour suppressor MEN1 in multiple endocrine neoplasia type 1 syndrome and familial isolated primary hyperparathyroidism (FIHP); the proto-oncogene RET in MEN 2A syndrome; CDKN1B in MEN 4 syndrome; inactivating mutations in CASR (which encodes the calcium-sensing receptor) in FIHP; GCM2 in FIHP 17 and CDC73 in hyperparathyroidism-jaw tumour syndrome, which is also associated with an increased risk of parathyroid carcinoma. Mutations in PRUNE2 (which encodes protein prune homologue 2) have also been associated with the development of parathyroid cancer 18 . Other work indicates that microRNA 296 might be a novel tumour-suppressor gene in parathyroid carcinoma 19 . The genetics and characteristics of familial hypocalciuric hypercalcaemia (FHH), which is not considered a form of PHPT, are discussed in the following section.
Pathophysiology and (differential) diagnosis
In all forms of PHPT, there is loss of normal feedback suppression of serum levels of calcium upon the synthesis and secretion of PTH, due to increased parathyroid cell mass and/or a reduction in the number of CASR proteins on parathyroid cells 20 . As a result, increased levels of calcium are needed to suppress PTH levels (FIG. 1) . The diagnosis of PHPT is established biochemically and can be confirmed by documenting hypercalcaemia with a simultaneously elevated intact PTH level.
On repeat laboratory testing, serum levels of calcium can intermittently fall into the normal range; this finding is compatible with the diagnosis of PHPT as long as a 'recurrent pattern' of hypercalcaemia is evident. Levels of PTH that are inappropriately normal (>20 pg/ml) in a patient with hypercalcaemia are consistent with a diagnosis of PHPT. Non-parathyroid causes of hypercalcaemia (such as malignancy or granulomatous disease) are associated with suppressed levels of PTH. Ectopic PTH secretion from a non-parathyroid tumour is extremely rare although occasionally documented in late-stage malignancies 21, 22 . When assessing for PHPT, PTH levels should be measured with either an 'intact' second-generation PTH assay or a third-generation assay. Second-generation assays detect PTH(1-84), PTH and other long C-terminal fragments, which are inactive fragments and/or are thought to oppose the activity of intact PTH. Unless renal failure is present, the contribution of fragments to the measured PTH value is negligible. The intact assays do not cross-react with PTH-related peptide and can reliably distinguish PHPT from hypercalcaemia of malignancy, in contrast to first-generation assays. The newer third-generation PTH assays detect the main circulating form of whole PTH(1-84) and a second PTH molecule not detected by second-generation assays that is thought to have a post-translational modification 23 . Other than in renal failure, these assays do not increase the diagnostic sensitivity over second-generation assays 24 . Parathyroid imaging has no role in the diagnosis of PHPT. Imaging studies assist the parathyroid surgeon in identifying the anatomic position of abnormal gland(s) when planning parathyroidectomy. Negative imaging, which is frequent in multi-glandular PHPT, is not inconsistent with the diagnosis of PHPT and does not preclude surgical cure 25 . Further, positive imaging is not needed to confirm the diagnosis, and false-positive tests occur often in those with concurrent nodular thyroid disease.
To differentiate PHPT from FHH, which has a similar serum biochemical profile, calculation of the fractional excretion of calcium (FeCa; calculated using a 24-hour urine sample collected off diuretics) has traditionally been used. Values below 1% are consistent with FHH, but overlap of FeCa values in FHH and PHPT occurs.
As FeCa values can also be low in patients with PHPT who have coexisting vitamin D deficiency, the diagnosis of FHH should not be made until vitamin D stores are replete. FeCa can also be misleading in patients with impaired renal function (due to advanced age or renal disease). In these patients, obtaining past serum calcium levels (which should be consistently elevated) and family history of hypercalcaemia is helpful. Ultimately, if suspicion of FHH is high, mutational analysis of CASR for FHH1, as well as mutational analysis of GNA11 and AP2S1 for the diagnosis of FHH2 and FHH3, respectively, can be performed [26] [27] [28] . Differentiation of PHPT from FHH is important, as surgical intervention is not indicated or curative in FHH.
PHPT can be distinguished from secondary and tertiary hyperparathyroidism by its different biochemical profile (TABLE 2) . Secondary hyperparathyroidism
Key points
• Primary hyperparathyroidism (PHPT), a common endocrine disorder characterized by hypercalcaemia and elevated or inappropriately normal levels of parathyroid hormone, is diagnosed based upon biochemical evaluation • Over the past 50 years, the clinical profile of PHPT has evolved from a highly symptomatic disease to one that is most often asymptomatic, albeit with evidence of subclinical target organ involvement • Even 'asymptomatic' patients can have skeletal deterioration (evident upon imaging;
for example, dual-energy X-ray absorptiometry), and subclinical manifestations can include osteoporosis and hypercalciuria as well as clinically silent vertebral fractures and nephrolithiasis • The diagnosis of normocalcaemic PHPT can be made after eliminating secondary causes of hyperparathyroidism; however, data are limited on its natural history and appropriate criteria for and response to surgery • Parathyroidectomy by an experienced parathyroid surgeon is recommended for patients with symptomatic disease or subclinical end-organ involvement, as no single medical therapy addresses hypercalcaemia and the skeletal and renal consequences of PHPT is associated with an appropriate elevation in PTH in response to a hypocalcaemic stimulus and either a frankly low or normal serum calcium level. Most commonly, secondary hyperparathyroidism is due to vitamin D deficiency, malabsorption, kidney disease or hypercalciuria. In our experience, a subset of patients with secondary hyperparathyroidism will become hypercalcaemic and will ultimately be found to have PHPT, when the underlying condition (for example, vitamin D deficiency) is corrected. In these cases, the hypercalcaemia of PHPT is said to have been 'masked' by the coexisting hypocalcaemic stimulus. Tertiary hyperparathyroidism describes a condition in which prolonged, severe secondary hyper parathyroidism (as in end-stage renal disease) evolves into a hyper calcaemic state due to autonomous functioning of hyperplastic parathyroid glands. Although this effect can be observed in patients on dialysis, it can also occur after renal transplant. Tertiary hyperparathyroidism is typically obvious from the history of the patient. In distinction, normocalcaemic primary hyper parathyroidism (NPHPT) is a term used for those patients with normal serum albumin-corrected calcium levels and ionized calcium values with an elevated PTH level in whom all known causes of secondary hyper parathyroidism have been excluded. NPHPT was thought to be an early form of PHPT. Although data regarding the natural history of NPHPT are limited, a 2007 study found that ~19% became hypercalcaemic within 3 years of follow-up 29 . Thus, the term NPHPT can describe more than one natural history, with some patients maintaining the biochemical pattern of NPHPT over many years and perhaps even indefinitely.
Clinical manifestations and complications

Classical PHPT
Classical PHPT was the disease presentation almost exclusively observed before the routine measurement of serum calcium levels in the 1970s. Classical PHPT refers to a symptomatic, multi-system disorder characterized by skeletal, renal, gastrointestinal, neurological and psychiatric manifestations as well as increased mortality 1 . Descriptions of PHPT from the early to mid-20th century include marked hypercalcaemia (11.5-16.8 mg/dl) and frequent reports of osteitis fibrosa cystica, a skeletal condition characterized clinically by bone pain and fractures (particularly vertebral) and radiographically by demineralization, fibrosis, brown tumours and bone cysts 1, 30 . Nephrolithiasis, nephrocalcinosis, polyuria and polydipsia as well as renal impairment were also common presenting signs and symptoms 1, 30 ; other features of classical PHPT include anorexia, constipation, peptic ulcer disease and pancreatitis, muscle weakness and associated type 2 muscle fibre atrophy, and mental disturbances as well as fatigue or lasstitude 1, 30 . Classical PHPT is uncommon today in the USA, Western Europe and Turkey 8, 31, 32 . In the USA, <2% of patients have osteitis fibrosa cystica, and rates of overt nephrolithiasis have steadily declined over the past 70 years from 60% to <20% 1, 8, 33 . Classical PHPT, however, remains the predominant mode of presentation in most of the Middle East, Asia and South Africa [34] [35] [36] [37] [38] . In Latin America, a 2015 report indicated that >50% of patients present with osteitis fibrosa cystica or nephrolithiasis 39 ; other reports confirmed high rates of nephrolithiasis (>40%) 40, 41 . This more severe form of the disease is thought to be more common in areas where severe vitamin D deficiency is endemic, although lack of routine calcium screening in these regions might also have a role in this presentation.
Asymptomatic PHPT
Today, the vast majority (>80%) of patients with PHPT in the USA and Western Europe are 'asymptomatic' , a term used to describe those lacking the skeletal and renal manifestations described in classical PHPT. Although this term was introduced in the 1970s and 1980s to differentiate it from classical PHPT, over the years, we have come to realize that many patients with this form of the disease do indeed have manifestations of PHPT. Many have clinical complaints, whereas others have characteristic findings on testing of the target organs of the hyperparathyroid process.
Biochemical profile. Most patients with PHPT are incidentally discovered when routine laboratory work reveals hypercalcaemia. Serum levels of calcium are mildly elevated, often within 1 mg/dl of the upper limit of normal 8 . PTH levels are typically within two times the upper limit of normal. Serum phosphate is often in the lower half of the normal range and less frequently frankly low due to the phosphaturic effects of PTH 8 . Alkaline phosphatase levels can be elevated, a reflection of increased bone resorption and compensatory formation, but most often remain within the normal range 8 . The storage form of vitamin D, 25-hydroxyvitamin D (25OHD), is often in the insufficient (20-29 ng/ml) or deficient range (<20 ng/ml), whereas activated vitamin D (1,25-dihydroxyvitamin D; 1,25(OH) 2 D) is near the upper end of normal and sometimes frankly elevated 8, 42 . In fact, vitamin D deficiency has been reported to be more common in patients with PHPT than in the general population 43, 44 . Potential pathophysiological mechanisms for vitamin D deficiency in PHPT include the following: PTH enhances the conversion of 25OHD to 1,25(OH) 2 D by inducing the renal 1α-hydroxylase enzyme 45 , the half-life of 25OHD might also be shortened due to enhanced hepatic inactivation 46 , and chronic vitamin D deficiency could result in parathyroid hyperplasia and autonomous adenomatous change.
Whereas the biochemical profile in modern PHPT is clearly milder than in descriptions from the early and mid-20th century, recent work suggests even further evolution within the modern era 42 . A comparison of two PHPT cohorts recruited in the same region of the USA 20 years apart (1984-1991 and 2010-2014) revealed increased mean serum levels of 25OHD and decreased PTH levels due to self-supplementation with vitamin D in the latter cohort. Further, many cross-sectional studies have suggested an inverse correlation between serum levels of 25OHD and PTH, which indicates that low vitamin D levels might heighten PTH elevations in PHPT 43, 44, [47] [48] [49] [50] [51] . Additional evidence of worse hyperparathyroidism in those with vitamin D deficiency is reflected in increased serum levels of calcium, reduced levels of phosphate and increased 1,25(OH) 2 D levels as well as increased alkaline phosphatase levels, in some but not all studies 42, 43, 48, 49, [51] [52] [53] [54] [55] [56] [57] . Vitamin D treatment in PHPT is also associated with a lowering of PTH levels in observational studies and randomized controlled trials (RCTs) 58, 59 . Thus, vitamin D deficiency, particularly when marked and prolonged, might be a risk factor for more biochemically severe PHPT.
Skeletal manifestations. Although osteitis fibrosa cystica is rare, ample evidence exists for subclinical bone disease in PHPT. Dual-energy X-ray absorptiometry (DXA) demonstrates preferential loss of BMD at cortical sites such as the distal one-third of the forearm, whereas cancellous sites such as the lumbar spine are relatively spared 60 . This pattern reflects the catabolic versus anabolic effects of PTH on different skeletal compartments 61 . Iliac crest bone biopsy studies show a similar pattern with a reduction in cortical thickness but more favourable or similar trabecular indices in patients with PHPT versus controls 61 .
Estimates of the prevalence of osteoporosis in PHPT have varied in recent studies (39-62.9%) 50, 51, 62 , likely influenced by bias as a diagnosis of osteoporosis might have led to screening for PHPT. Mean T-scores in most studies are in the osteopenic range 50, 51 . Risk factors for osteo porosis in PHPT, as in the general population, include older age and lower weight 62 . In contrast, vitamin D deficiency seems to have minimal effect on BMD, with only slightly reduced BMD at the one-third radius in those with low vitamin D levels; vitamin D repletion, however, might improve BMD, particularly at the spine 50, 51, 59 . Given the BMD patterns observed with DXA, one would anticipate an increased risk of peripheral fractures but a reduction in vertebral fractures in modern PHPT. Epidemiological data, however, suggest an increased risk of both vertebral and peripheral fractures [63] [64] [65] [66] . The paradox of increased vertebral fracture risk despite preserved lumbar spine BMD in PHPT has remained unclear until recently. New technologies for non-invasively imaging the skeletal microarchitecture, such as high-resolution peripheral quantitative CT (HRpQCT) and the trabecular bone score (TBS), demonstrate that trabecular deterioration occurs at the spine as well as the radius and tibia [67] [68] [69] (FIG. 2) . Deteriorated microarchitecture has not yet been shown to be a risk factor for fracture in PHPT, but studies have implicated traditional risk factors such as older age, lower BMD and vitamin D levels, higher levels of bone turnover markers and higher PTH levels 62, 70 . Recent work suggesting that clinically silent vertebral fractures are a common feature of PHPT led experts in the 2014 guidelines for the management of asymptomatic PHPT to recommend screening for vertebral fractures and parathyroidectomy if present 62, 71 . Renal manifestations. Today, the main renal manifestations of PHPT are hypercalciuria and nephrolithiasis 73 . Symptomatic nephrolithiasis is present in about 10-20% of patients 8, 73 . Screening for asymptomatic nephrolithiasis, as recommended by the most recent (2014) guidelines for the management of asymptomatic PHPT, indicates that the prevalence is actually much higher 62, 71, 73, 74 . Risk factors for nephrolithiasis include younger age and male sex, whereas degree of hypercalcaemia and hypercalciuria, PTH levels and other urinary factors have shown less consistent associations [73] [74] [75] [76] . Limited data are available regarding nephrocalcinosis, but it seems to be an uncommon feature of modern PHPT, as are polyuria and polydipsia 73 . The prevalence of renal dysfunction (estimated glomerular filtration rate (eGFR) <60 ml/min) is low, with recent studies suggesting rates of 15-17% [77] [78] [79] . Neither the severity of PHPT nor having a history of nephrolithiasis was a risk factor for reduced eGFR in a 2014 study; instead, traditional risk factors, such as age, hypertension, use of antihypertensive medication and fasting glucose levels, were associated with poorer kidney function 78 . Longitudinal data are reassuring in this regard, as renal function remains stable in PHPT over long periods of follow-up 8, 80 . Further, parathyroidectomy has not been shown to improve renal function, although one small study suggested an improvement in concentrating capacity 8, [80] [81] [82] [83] .
Neuropsychological features.
Increased serum calcium and PTH concentrations, the biochemical hallmarks of PHPT, could affect neuropsychological function. Calcium has a key role in regulating the release of neurotransmitters at synapses, and hypercalcaemia could interfere with that process. On the other hand, the long-known vascular effects of PTH could also affect cognition and mood by altering cerebrovascular function [84] [85] [86] . Descriptions of classical PHPT do indeed indicate neuro psychological features 1, 30 . The extent to which these features remain a part of the modern picture of PHPT as well as the exact mechanisms underlying them is unclear. The muscle weakness and atrophy observed in classical PHPT are not seen today. A number of studies suggest, however, that even 'mild PHPT' (serum calcium <12 mg/dl) is associated with nonspecific symptoms such as depression, anxiety, fatigue, decreased quality of life (QoL), sleep disturbance and cognitive dysfunction. Many, but not all, observational studies have indicated these features improve after parathyroidectomy 87 . Three RCTs have investigated the reversibility of reduced QoL and psychiatric symptoms 82, 83, 88 . Despite being of similar design and using similar assessment tools, all three RCTs came to different conclusions: one RCT suggested parathyroidectomy prevents worsening of QoL and improves psychiatric symptoms 88 , another RCT indicated no benefit and the third RCT demonstrated improvement in QoL 82, 83 . One RCT investigated changes in cognition after parathyroidectomy, but its small size precluded definitive conclusions being drawn 89 . At present, most experts do not recognize cognitive or psychiatric symptoms as a sole indication for parathyroidectomy. Reasons for this include the failure to clearly demonstrate reversibility in RCTs, the inability to predict which patients might improve and the lack of a clear mechanism 71 . Cardiovascular manifestations. Increased cardiovascular mortality in patients with moderate to severe PHPT has been documented in studies from Scandinavia 90 . Data on those with asymptomatic PHPT are limited, but several studies suggest no increase in mortality in those with mild hypercalcaemia 91, 92 . Hypertension has long been associated with PHPT but is not reversible with parathyroidectomy 90 . Recent studies have investigated subclinical cardiovascular findings in PHPT, including asymptomatic coronary artery disease (CAD), valve calcification, left ventricular hypertrophy (LVH), carotid disease and vascular stiffness. When CAD is present in PHPT, it is most likely due to traditional risk factors rather than the disease itself [93] [94] [95] . Valve calcification, which is present in severe PHPT, has been shown to be more extensive (greater valve area) when present in those with mild PHPT than in controls [96] [97] [98] and is associated with increased PTH levels, but it is 98 . LVH has been associated with PHPT in many, but not all, studies 90 . A 2015 meta-analysis indicated that parathyroidectomy is associated with a decline in left ventricular mass and that higher levels of PTH predict a greater cardiovascular benefit; however, dissociating disease severity from study design (RCTs included individuals with lower levels of calcium and PTH than those included in observational studies) was not possible 99 . Conflicting data exist regarding whether intima-media thickness is increased in PHPT 86, [100] [101] [102] [103] . Multiple studies have reported increased vascular stiffness, sometimes associated with PTH levels, in mild PHPT, but its reversibility with parathyroidectomy is inconsistent 86, [104] [105] [106] . Given conflicting data, most experts do not consider cardiovascular disease to be an indication for parathyroidectomy 71 .
Other manifestations. Gastrointestinal symptoms, such as pancreatitis and peptic ulcer disease, do not seem to be a feature of modern PHPT, although conflicting data exist concerning an association of PHPT with constipation 107, 108 . Patients with coeliac disease are at increased risk of developing PHPT, possibly due to chronic vitamin D deficiency 109 .
Normocalcaemic PHPT Biochemical profile. Both the Third and Fourth
International Guidelines for the Management of Asymptomatic PHPT recognized NPHPT as a phenotype of PHPT 24, 31, 110 . NPHPT has a prevalence of 0.4-3.1% in community-based cohorts 111 . Although calcium levels are normal in this entity, PTH levels are similar or slightly lower than in the hypercalcaemic form of PHPT 29, 112 . Phosphate levels have been reported to be higher and 1,25(OH) 2 D levels lower than in the hypercalcaemic variant 112 . By definition, ionized calcium, vitamin D levels, urinary calcium excretion and renal function must be normal to distinguish this entity from secondary hyperparathyroidism 29 . NPHPT can precede the development of typical hypercalcaemic PHPT, but patient series have suggested only 0.6-19% of patients go on to develop hypercalcaemia 29, 111, 113 . Higher serum calcium levels (within the normal range) and higher urinary calcium excretion as well as older age are reported to be risk factors for the development of hypercalcaemia in some studies 29, 113 .
Skeletal, renal and other manifestations. Although the clinical manifestations of NPHPT would be anticipated to be milder than those of hypercalcaemic PHPT, most case series suggest this is not the case, with high rates of osteoporosis, fractures and kidney stones 29, 114, 115 . This difference is likely due to selection bias, as NPHPT is often diagnosed after a clinical event such as a fracture or nephrolithiasis. Data from community cohorts suggest no differences in BMD between those with NPHPT and those with normal PTH levels, although more data are needed 111 . Almost no data exist regarding non-classical manifestations (such as neuropsychological and cardiovascular manifestations) in NPHPT.
Evaluation and management
Surgery
Parathyroidectomy remains the only cure for PHPT and is recommended in all symptomatic patients. The Fourth International Workshop for the Management of Asymptomatic PHPT recommended surgical intervention in patients with asymptomatic PHPT in whom evidence of subclinical end-organ (skeletal or renal) effects or risk of disease progression exists 71 (TABLE 3) . This recommendation includes those with serum calcium ≥1 mg/dl above the upper limit of normal; those with osteoporosis (T-score ≤-2.5) or vertebral fractures on imaging; those with eGFR <60 ml/min, severe hypercalciuria (>400 mg/day), increased risk of stones on a stone risk profile or evidence of occult nephrolithiasis or nephrocalcinosis on imaging; and those aged <50 years. Although evidence-based recommendations are lacking in NPHPT, surgery is suggested if patients become hypercalcaemic and have other indications for para thyroidectomy and should be considered in those who have disease progression regardless of hypercalcaemia (that is, worsening of BMD, fracture or kidney stones) 71 . Surgical guidelines from other societies are more liberal than those of the Fourth International Workshop for the Management of Asymptomatic PHPT 25 . The American Association of Endocrine Surgeons Guidelines additionally recommend surgery in those with cognitive or psychiatric symptoms attributable to PHPT, suggest offering parathyroidectomy to those with cardiovascular disease (other than hypertension) and consider symptoms of muscle weakness, impaired functional capacity and abnormal sleep patterns. Patient preference has an important role in decision-making; surgery is never inappropriate even in those who do not meet surgical criteria, as long as the diagnosis is secure. Finally, access to an experienced parathyroid surgeon has a role in the decision, as data suggest that surgeon volume inversely correlates with complications, cost and length of stay in hospital 116, 117 . Preoperative localization is necessary if a minimally invasive parathyroidectomy (MIP) is contemplated 25 . Imaging accuracy has improved vastly, but there remains Nature Reviews | Endocrinology wide variation in the sensitivity and specificity of different modalities across institutions. Cervical ultra sonography can localize parathyroid disease and assess for concomitant thyroid pathology. Technetium ( 99m Tc) sestamibi is the dominant radioisotope in parathyroid scintigraphy. Sestamibi protocols vary (dual phase, I
131 subtraction, single-photon emission CT (SPECT) or SPECT-CT); a review of the individual strengths and weaknesses of these protocols can be found elsewhere 25 . Sestamibi protocols have low sensitivity in multi-gland disease. Combined ultrasonography and sestamibi imaging increases localization accuracy and improves sensitivity. Although traditional CT imaging has little utility, the 4D CT protocol has emerged as a useful modality even though once again, it has limited sensitivity in multigland disease. Other technologies are recommended in more limited settings. MRI and venous sampling can be considered in cases of reoperation or difficult localization or when ionizing radiation is contraindicated. Although PET is costly and not widely available, recent data support incremental value of 18 F-fluorocholine PET with CT (PET-CT) in the localization of pathologic parathyroid glands 118 . Preoperative fine-needle aspiration biopsy (FNAB) preoperatively is generally not recommended in PHPT and is absolutely contraindicated if parathyroid cancer is a diagnostic consideration, as FNAB can seed the operative site, leading to spread of disease. In the 5-10% of patients in whom surgery is performed for persistent or recurrent disease, two or more concordant studies should be obtained before surgery. A success rate of up to 95% can be achieved when this rule is followed, but no agreement exists as to which two studies are best in these cases 119 . Bilateral neck exploration was the traditional surgical approach and has cure rates of >95% with a low risk of complications 25 . Improvements in imaging and the availability of intraoperative PTH monitoring allow for MIP in many centres, which reduces the extent of surgery, incision length, discomfort and recovery time and is associated with high cure rates as well 25 . MIP is appropriate for those with single adenomas in whom preoperative imaging has localized the culprit gland. With surgical cure of PHPT, serum biochemistries normalize, and urinary calcium levels decline 120 . RCTs and non randomized studies indicate that BMD improves robustly over the first year after parathyroidectomy with further increases over time, even in those with normal BMD 8, 72, 83, 121 ; limited data suggest fracture risk might also decline 72 . Risk of nephrolithiasis also decreases after successful parathyroidectomy 122 . Postoperatively, most patients are discharged on calcium and vitamin D supplementation. Some patients remain persistently hyperparathyroid after successful parathyroid surgery (as evidenced by normalization of serum calcium levels) if they have untreated vitamin D deficiency or inadequate calcium intake (a form of 'hungry bones'). Correction of the underlying cause of their secondary hyperparathyroidism should lead to normalization of all indices. Patients with normocalcaemic PHPT cannot be considered to be cured until and unless their PTH levels normalize, as their calcium levels were never abnormal. Patients who are not cured (those with both calcium and PTH levels that remain elevated after surgery) are said to have persistent PHPT 25 . A small subset of patients will be cured (with normalization of calcium and PTH levels) for a period of 6 months or more (up to many years) and then develop biochemical evidence of PHPT once again. These patients are said to have recurrent PHPT 25 . The incidence of recurrent PHPT is not known.
Non-surgical monitoring and management
The surgical guidelines developed by various groups imply that it is safe to monitor those who do not meet surgical guidelines 25, 71 . Additionally, monitoring is recommended for those who refuse surgery and those who have significant comorbidities and are deemed poor surgical candidates. Very few patients fall into the latter category given the recent advances in parathyroid surgery, including MIP, which can be performed with local anaesthesia. However, those who have poor overall health that prohibits use of general anaesthesia and who are not good candidates for local anaesthesia due to aspiration risk or sleep apnoea might fall into this group. Long-term observational studies indicate that biochemistries and BMD remain stable for many years in those followed non-operatively 8 . However, 15-year data suggest that BMD starts to decline at cortical sites after 10 years of observation, and almost 40% of patients developed one or more indications for parathyroidectomy over 15 years of follow-up 123 . Regular monitoring of biochemistries and of BMD with DXA is recommended (TABLE 3) for those who choose to be observed; repeat imaging of the spine and kidney is advised when vertebral fractures or nephrolithiasis is suspected 71 . Guidelines for surgery during monitoring are similar to those at baseline (TABLE 3) .
Some data suggest surgery is more cost-effective than medical treatment or observation of PHPT in patients who do not meet guidelines for parathyroidectomy 124 . However, some patients prefer observation and/or medical therapy to parathyroidectomy, even when meeting criteria for surgery. All patients who are observed should be advised to stay adequately hydrated and not to restrict dietary calcium intake. Liberal dietary calcium intake does not worsen hypercalcaemia. Conversely, restriction could exacerbate hyperparathyroidism 125, 126 . The Fourth International Workshop recommends following the Institute of Medicine guidelines with regard to calcium intake 127 . Although calcium supplements are not specifically recommended in those with PHPT and osteo porosis, small doses do not seem to exacerbate hypercalcaemia or hypercalciuria if the diet is deficient 128 . Recent guidelines recommend restoring vitamin D to levels of 21-30 ng/ml with conservative doses of vitamin D (600-1000 IU daily) on the basis of data showing that vitamin D repletion lowers PTH levels 127 . Higher levels of vitamin D might be beneficial. A 2014 RCT of cholecalciferol (2,800 IU daily versus placebo) indicated that treatment increased 25OHD levels from 20 ng/ml to 37.8 ng/ml, lowered levels of PTH, and increased lumbar spine BMD without having a deleterious effect on serum or urinary calcium levels 59 . Ideal medical therapy of PHPT would provide the equivalent to a medical parathyroidectomy. Such an agent would normalize serum calcium and PTH levels as well as urinary calcium excretion, increase BMD and lower fracture risk, and reduce the risk of kidney stones. Unfortunately, no currently available single drug meets all these criteria. The following medications can achieve some of these goals and might be considered in patients not having surgery in whom it is desirable to lower serum or urinary calcium levels or increase BMD (TABLE 4) .
Hydrochlorothiazide. A retrospective analysis of 72 patients in 2016 suggested that thiazides might not increase serum levels of calcium in PHPT as they can do in normal individuals. Hydrochlorothiazide (12.5-50 mg daily for 3.1 years on average) was associated with a decrease in urinary calcium excretion but no change in serum levels of calcium 129 . Smaller and cross-sectional studies have suggested similar results, although it is unclear if hydrochlorothiazide reduces the risk of nephro lithiasis 130, 131 . Given the heterogeneity of doses used and the absence of data from larger, (preferably) randomized trials, recommending thiazide use routinely in PHPT is premature. However, thiazides could be considered in those who refuse surgery or are poor surgical candidates but at high risk of nephrolithiasis, as long as serum levels of calcium are monitored regularly.
Oestrogen and selective oestrogen receptor modulators. An RCT of conjugated oestrogen (0.625 mg daily plus medroxyprogesterone at 5 mg daily) versus placebo indicated that hormone-replacement therapy effectively increases BMD at all skeletal sites in patients with PHPT, with the greatest increases at the lumbar spine 132 . This RCT, however, did not confirm the calcium-lowering effect of earlier uncontrolled studies 127 . Currently, no data regarding the ability of oestrogen to lower fracture risk in patients with PHPT are available. In an RCT, raloxifene (60 mg daily compared with placebo; n = 18) decreased serum levels of bone markers and serum calcium levels after 8 weeks of treatment; BMD data were not available 127 .
Bisphosphonates and denosumab. Several small RCTs have indicated that alendronate increases BMD at the lumbar spine and hip in patients with PHPT, but most studies suggest there is no change in serum biochemistries 127 . No data exist regarding fracture risk reduction with alendronate, and no BMD data are available in PHPT for other bisphosphonates including zoledronic acid, pamidronate or ibandronate. One small nonrandomized study of risedronate plus calcium and vitamin D versus parathyroidectomy suggested that risedronate increases BMD at the spine compared with baseline in patients with PHPT but that surgery is more effective 133 ; no data regarding fracture risk reduction were available. No published data are available regarding the use of denosumab in PHPT. In summary, anti-resorptives can be considered in patients not undergoing parathyroidectomy who have osteoporosis, a history of fragility fracture or high fracture risk, though none are specifically approved for the treatment of PHPT.
Cinacalcet. Cinacalcet is a type 2 calcimimetic that binds to the CASR and increases its sensitivity. Cinacalcet effectively reduces serum levels of calcium in patients with PHPT. Cinacalcet was approved for PHPT by the European Medicines Agency in 2008 and by the FDA in 2011 for the treatment of severe hypercalcaemia in patients with PHPT who are unable to undergo parathyroidectomy 127 . Cinacalcet maintains long-term normocalcaemia across a wide spectrum of disease severity 127 . Unfortunately, neither BMD nor urinary calcium excretion improves with cinacalcet treatment, and there are currently no data regarding reduction in the risk of nephrolithiasis 127 . Cinacalcet is also frequently associated with headache, nausea and vomiting.
Conclusions and future directions
In summary, PHPT has evolved into a disorder that is typically asymptomatic in regions of the world where serum levels of calcium are routinely measured. Manifestations of PHPT include mild hypercalcaemia, osteoporosis, hypercalciuria as well as vertebral fractures and nephrolithiasis, both of which can be subclinical. Classical PHPT and normocalcaemic disease are less common. Earlier detection of PHPT and vitamin D supplementation might have contributed to the changes in PHPT presentation in recent decades. Further evolution might continue to occur with secular trends in the measurement of serum levels of calcium and vitamin D supplementation, as well as with advances in disease detection and management.
Surgery, the only curative treatment for PHPT, is recommended for those with symptoms and is suggested for those with asymptomatic disease who are at risk of progression or have subclinical evidence of end-organ effects. Parathyroidectomy leads to an increase in BMD and a reduction in nephrolithiasis. Medical therapy for those who cannot undergo parathyroidectomy can increase BMD (for example, oestrogen and bisphosphonates) or reduce serum levels of calcium (calcimimetics), but no single drug can do both.
Looking to the future, more data are needed on the neuropsychological manifestations of PHPT to help direct surgical recommendations for patients with specific complaints, as well as on the cardiovascular effects of mild disease. Data are also needed to enable evidence-based decisions about current renal guidelines for surgery and on the applicability of current surgical criteria to NPHPT. Secular trends in the measurement of calcium levels, which might increase in the developing world and decrease in the developed world, could alter the clinical profile of the disease internationally. Finally, as the cause of most cases of sporadic PHPT is unknown, we do not understand why some patients develop skeletal, renal or other complications while others do not. Owing to the limited data regarding these mechanisms, a 'personalized' approach to tailor monitoring, surgical recommendations or medications to individual patients with PHPT has a limited role in the management of PHPT today. Future work that advances our knowledge in these areas will clearly improve the management of the disorder.
